In this paper, we consider phenomenology of a model with an L µ − L τ gauge symmetry. Since the muon couples to the L µ − L τ gauge boson (called Z boson), its contribution to the muon anomalous magnetic moment (muon g-2) can account for the discrepancy between the standard model prediction and the experimental measurements. On the other hand, the Z boson does not interact with the electron and quarks, and hence there are no strong constraints from collider experiments even if the Z boson mass is of the order of the electroweak scale. We show an allowed region of a parameter space in the L µ − L τ symmetric model, taking into account consistency with the electroweak precision measurements as well as the muon g-2. We study the Large Hadron Collider (LHC) phenomenology, and show that the current and future data would probe the interesting parameter space for this model.
Introduction
The Standard Model of elementary particles (SM) has been very successful in describing the nature at the electroweak (EW) scale. Recently, the ATLAS and CMS collaborations at the Large Hadron Collider (LHC) have discovered a new particle [1, 2] , which is consistent with the SM Higgs boson. This discovery also strengthens the correctness of the SM. So far, no explicit evidence of physics beyond the SM has been reported from the LHC.
Several groups, however, have reported an anomaly of the muon anomalous magnetic moment a µ = (g−2)/2 (muon g-2), which has been precisely measured experimentally [3] and compared with state-of-the-art theoretical predictions (for example, see [4, 5, 6, 7, 8, 9, 10, 11] and references therein). The estimated discrepancies between the SM predictions and the measured value are consistently more than 3σ, as listed in Table 1 .
Although it is too early to conclude that this anomaly is evidence of new physics beyond the SM, we expect new particles and interactions related with the muon sector once we regard it as a hint of new physics. Gauge interactions have been playing a central role to construct fundamental models in particle physics history. Following this line, in this paper, we purse the possibility that the muon has a new gauge interaction beyond the SM * . 26.1 ± 8.0 (3.3σ) [6] 31.6 ± 7.9 (4.0σ) [7] 11659208.9 ± 6. 3 33.5 ± 8.2 (4.1σ) [8] 28.3 ± 8.7 (3.3σ) [9] 29.0 ± 9.0 (3.2σ) [10] 28.7 ± 8.0 (3.6σ) [11] Table 1: Measured muon g-2 (a Exp µ ) and the estimated differences (δa µ ) from the recent SM predictions in several references.
The discrepancy is of the same order as the contribution from the EW gauge bosons W ± and Z, a EW µ = (15.4 ± 0.2) × 10 −10 [5] . Assuming the anomaly is due to the quantum effects of the new particles, this discrepancy suggests that their masses should be at the EW scale, which is well within the reach of the LHC. Thus, it is very interesting to study the phenomenology at the LHC.
The coupling of the new light gauge bosons to the electron and light quarks are severely constrained by the LEP [14, 15] , Tevatron [16, 17] and LHC [18, 19] . Therefore, if the new gauge interaction is the flavor universal one such as the B − L gauge interaction, the gauge coupling has to be small and hence the new gauge boson has to be very light as well in order to induce enough contributions to the muon g-2. An explicit model of this category is the hidden photon model [20, 21] , and constraints on the hidden photon model have been studied in detail [22, 23] .
Another possibility is a flavor-dependent gauge interaction. If the gauge boson couples to the muon but not to the electron nor quarks, the gauge interaction can explain muon g-2 while keeping the consistency with the direct search results. A simple candidate is based on anomaly free L µ −L τ gauge symmetry [24, 25, 26, 27, 28] , where L µ and L τ are µ and τ lepton numbers, respectively. We consider this model in detail. In addition to the SM particles, this model has one extra gauge boson associated to the L µ − L τ gauge symmetry, which we refer to as a Z boson. Note that only the 2nd and the 3rd generation leptons couple to the Z gauge boson, and hence the constraints from the direct search experiments are very weak.
Organization of this paper is the following. In the next section, we introduce a model with the L µ − L τ gauge symmetry, which we refer to as a Z model. In section 3, we study the parameter space of the Z model where the anomaly of the muon g-2 can be explained. Since the mass of the Z gauge boson is expected to be of the EW scale if the gauge coupling is of order unity, the Z boson affects the EW precision observables. We investigate the effects and show the parameter space consistent with the data. In section 4, we study the LHC phenomenology. We show that the 4µ channel as well as the 2µ2τ channel are effective for the Z boson search. In section 5, we summarize our results.
Z model
The differences between two lepton-flavor numbers
, are anomaly free in the SM. Therefore, the SM gauge symmetry (G SM ) can be extended to G SM × U (1) L i −L j without the addition of any exotic fermions, and such extensions are one of the minimal and economical U (1) extensions of the SM.
In particular, the L µ − L τ gauge symmetry is attractive because it solves a problem of the muon g-2 without contradictions to other experiments. The gauge boson, called Z boson, couples to the 2nd and 3rd generation leptons, so that it provides an extra contribution to the muon g-2. Since the Z boson does not couple to the electron nor any quarks, it avoids the strong constraints from the direct search experiments.
In this paper, we consider a model based on G SM × U (1) Lµ−Lτ . The interactions of the Z boson are given by
where Q f is a U (1) Lµ−Lτ charge of a fermion f as shown in Table 2 , and g Z is the gauge coupling constant of the U (1) Lµ−Lτ gauge symmetry. We assume that the L µ − L τ gauge symmetry is spontaneously broken and the Z boson becomes massive. The gauge coupling g Z and the Z mass m Z are the only free parameters in this model. Right-handed neutrinos ν R ( = µ, τ ) can be light or heavy, depending on the model of neutrino masses in this framework. If they are light enough such that the decay mode Z → 
, it is more difficult to observe the Z boson signal in the case that the right-handed neutrinos are light. In order to be conservative, we assume that the right-handed neutrinos are light enough, and we refer to the model with this assumption as a Z model. We discuss a model with the correct neutrino masses and mixings in Appendix A.
In general, the Z gauge boson can mix with the Z boson and photon since the L µ − L τ symmetry is a U (1) gauge symmetry. Such mixings are naturally suppressed if the L µ − L τ gauge symmetry is embedded into a non-Abelian symmetry at the more fundamental level [27] . Therefore, in this paper, we assume that the U (1) mixing effect is negligible.
Muon g-2 and electroweak precision observables
In this section, we study the parameter space of the Z model in which the measured muon g-2 is explained while satisfying the constraints from the EW precision observables. As shown in Table 2 , the Z gauge boson interacts with the muon through the L µ − L τ gauge interaction.
The new contribution to the muon g-2 (δa µ ) is induced through a Feynman diagram depicted in Figure 1 , and it is given by the following expression [26] ,
Here, we have assumed that m Z m µ . Figure 2 shows the dependence of δa µ on the two model parameters. It can be seen that the effect of the Z boson with g Z = O(1) and m Z = O(100) GeV compensates the 3σ deviation observed in the muon g-2 measurement.
Since Z couples to the 2nd and 3rd generation leptons (l, ν l ), it induces extra contributions to Zll and W + l −ν l vertices. The Z boson effects appear on the EW precision observables through these vertex corrections. The effective vertex Z µf f is given by
where Note that one-loop corrections are parametrized by ∆, which is independent of f (f = µ, τ, ν µ , ν τ ) if the lepton masses are neglected. ∆ is given by [29] ∆ = ∆ (1) + δZ, (3.5)
where ∆ (1) is an one-loop vertex correction and δZ is a counter term contribution from the wave function renormalization of the leptons. p and q are external momenta of the muon 
where
We obtain ∆ W = ∆ by neglecting the µ (τ ) and ν µ (ν τ ) masses.
One may be worried that the Z boson contribution to W µν µ vertex may affect the muon decay, µ → eν µνe . However, the momentum transfer of the virtual W boson is negligible in the muon decay compared to the mass scale of the Z boson. Therefore, the effect of the Z boson decouples in the muon decay.
We calculate the EW precision observables listed in Table 3 . We adopt formulas in, for example, Refs. [30, 31, 32] for the calculation. We perform a χ 2 fit by varying input parameters m t , m h , ∆α (5) had and α s , in order to identify the parameter region consistent with the data. The χ 2 is defined by
where O Exp , σ Exp and ρ are the measured value, the 1 σ error and the correlation coefficient matrix of the observables, respectively, taken from Refs. [3, 6, 33] , and O Model is the theoretical prediction. In Table 3 , we show the result at the best fit point for the SM and the results at the sample points with m Z = (60, 80) GeV and g Z = 0.3 for the Z model.
The Z effects increase the partial Z decay widths of ll mode Γ ll (l = µ, τ, ν µ and ν τ ) in the interesting parameter region while the Z total decay width Γ Z does not increase significantly since the hadronic contributions Γ had are dominant. Similarly, the effect on the W total decay width is also negligible. On the other hand, the effects on σ
and R µ = Γ had Γµµ can be significant. As shown in Table 3 , the observed value of σ 0 h tends to be larger than the SM value. Adding Z contribution results in worse fittings. Similarly, since the observed value of R µ is larger than the SM fitted value, adding the Z contribution makes the fit further worse.
† As a result, large vertex corrections from the Z boson are disfavored. In Figure 4 , we show χ 2 of the Z model as a function of m Z and g Z . As can be seen from the figure, small gauge coupling g Z < 0.4 and relatively light Z boson m Z < 100 GeV are favored. † We also note that the Z contribution does not affect the left-right asymmetry A µ,τ , because the Z universally contributes to the left-and right-handed µ and τ . The EW precision data and theoretical predictions of EW precision observables. The experimental data are taken from Ref. [33] except that M W , Γ W , m t and m h are from Ref. [3] , and δa µ and ∆α (5) had are from Ref. [6] . The best fit values of the SM and sample points for Z model, m Z = (60, 80) GeV and g Z = 0.3 are shown. 
LHC phenomenology
In this section, we study the phenomenology of the Z model at the LHC and investigate whether the current and future LHC results can constrain or discover the Z boson in the region which is favored by the EW precision measurement as well as the muon g-2 shown in the previous section. Relatively light Z bosons can be produced at e + e − , pp and pp collisions. The event including the decay is typically described by the diagram depicted in Figure 5 . Since the Z boson only couples to µ, τ , ν µ and ν τ , its effects only appear in the specific final states. Table 4 lists the final states where the Z boson contributes. In particular, the 4 lepton modes involving e ± are not affected.
¼¼
final state Z effects 4µ, 4τ , 2µ2τ , 2µ + E T,miss , 2τ + E T,miss yes 4e, 2e2µ, 2e2τ , 2e + E T,miss no Table 4 : List of 4 lepton final state processes relevant to the Z boson effects. Missing transverse energy, E T,miss , is originated from neutrinos. Table 5 lists the cross sections of typical processes for the SM and Z model for m Z = 80 GeV. The gauge coupling is fixed as g Z = 0.3 throughout this section unless otherwise stated. We see that there are no constraint we can set on the Z model from the LEP ‡ nor from the Tevatron due to the small cross sections. On the other hand, 4 µ final states have been already observed at 7-8 TeV LHC with dtL = 25 fb −1 , and a few fb difference in the cross section would be or become measurable [26] . For the 2µ2τ mode, it is difficult to constrain the Z model from the current data due to low τ identification efficiency though it would be possible with dtL = 300 − 3000 fb −1 at √ s = 14 TeV. In this section the results based on four signal samples with m Z = 60, 80, 90, and 100 GeV are shown. Note that the generated signals also include the SM and the interference contributions. We perform a parton level calculation using Calchep-3.4 [34] and interface the events to Pythia-6.4.25 [35] . The detector effect is simulated with Delphes-2.0.5 [36] . 
4 lepton channels at
Both CMS [37] and ATLAS [38] collaborations have reported the measurements of Z decays to four leptons at √ s = 7 and 8 TeV. Their measurements would be sensitive to the light Z boson. First, we consider how strongly the existence of the Z boson is constrained by the ‡ In Ref. [26] , authors discussed the LEP bound, however, we found their limit is too optimistic.
ATLAS data § . In the ATLAS analysis [38] , they search for the production of four leptons:
We summarize the set of selection cuts they have used as follows:
1. four isolated leptons, which have two opposite sign and same-flavor di-lepton pairs, where p T,µ > 4 GeV and |η µ | < 2.7 (p T,e > 7 GeV and |η e | < 2.47).
2. the leading three leptons must have p T, > 20, 15, and 8 GeV, and if the third (p Tordered) lepton is an electron it must have p T,e 3 > 10 GeV.
3. the four leptons are required to be separated as ∆R > 0.1.
4. the invariant masses of the same-flavor and opposite-sign leptons are required to have
5. m 12 > 20 GeV and m 34 > 5 GeV, where m 12 is the invariant mass of the same flavor and opposite sign di-lepton pair which is the closest to the Z boson mass among the possible combinations, while the other one is called m 34 .
6. the invariant mass of the four leptons is in the m Z window, 80 GeV < m 4l < 100 GeV. § The CMS has similar analysis in Ref. [37] and their result, however, is based on data collected at √ s = 7 TeV. On the other hand, the ATLAS result is based on much larger set of data with integrated luminosities of 4.6 fb −1 at √ s = 7 TeV and 20.7 fb −1 at √ s = 8 TeV. Therefore, we concentrate on the ATLAS analysis.
[GeV] TeV are combined and event numbers in all channels (4e, 2e2µ and 4µ) are summed up, as studied in Ref. [38] . N SM and N Z ,60 (N Z ,80 ) are numbers of events in the SM and the Z model with m Z = 60 GeV (80 GeV), respectively. We also show the significance
In the following we compare our simulation results with the ATLAS results. In order to adjust K-factor, acceptance and efficiency factors in the simulation, we introduce a constant normalization factor in each of the channels (4e, 2e2µ and 4µ) to match our LO SM results and the expected numbers of events in Table 4 in Ref. [38] , which is obtained by NLO Monte Carlo program POWHEG [41] and data driven acceptance estimations. We use the same factors for the Z models.
In Figure 6 we show the di-lepton invariant mass m 12 distributions and m 34 distributions in the SM and Z models with m Z = 60 GeV (left panel) and 80 GeV (right panel). In this section, combined results for integrated luminosities of 4.6 fb −1 at √ s = 7 TeV and for 20.7 fb −1 at √ s = 8 TeV are shown. All channels (4e, 2e2µ and 4µ) are summed up for these plots so that we can directly compare them with Figure 3 (e) and 3(f) in Ref. [38] .
For the Z model with m Z = 60 GeV, a large excess should be seen around m 12 m Z in the m 12 distribution. It is from the on-shell decay Z → Z + − followed by Z → + − . We also see a small excess around m 34 = 20 − 30 GeV in the m 34 distribution, and it corresponds to m Z − m Z . On the other hand, we don't see significant deviations for m Z = 80 GeV. Table 6 We also compute the χ 2 values defined by where N i th is the expected number of events in the i-th bin for the theoretical models (the SM and the Z models), N i DATA and σ i are the number of events observed in the i-th bin for the data and the corresponding statistical error, respectively. The data are obtained from the ATLAS analysis [38] . From the m 12 and m 34 distributions, we conclude that the Z model with m Z = 60 GeV is excluded by the ATLAS analysis because the Z effects should have been clearly visible in the case. The case with different value of the coupling g Z can be easily estimated in the same way. On the other hand, the χ 2 of the Z model with m Z = 80 GeV is almost the same as the one of the SM. The total χ 2 is χ 2 /(d.o.f) = 40.6, and the corresponding probability is 0.17. Thus, the current ATLAS analysis is not sensitive to the Z model with m Z = 80 GeV.
The difference between the SM and Z model would be more evident if one looks only at 4µ channel since the Z only couples to muons, although the ATLAS has not provided the separate results. In Table 8 , the numbers of 4µ events expected in several m 12 ranges for the SM and Z model with m Z = 60 GeV are listed. Compared with 
For m Z = 80 GeV, the Z model is not constrained by the ATLAS analysis. In the case of m Z m Z or m Z > m Z , the off-shell Z boson in the s-channel diagram as shown in Figure 5 is dominant in the signal events. That is the reason why the ATLAS measurement of the Z decays to 4 leptons is not sensitive for the heavier Z boson.
We can see this more clearly by the ratios of event numbers N Z ,60 /N SM and N Z ,80 /N SM in 4µ channel after the successive selection cuts shown in Table 9 . The cuts 1 − 6 correspond to the ones summarized above. For the cut 1, additionally we require m µ + µ − > 4 GeV for any combinations of opposite sign di-muons. The sensitivity to the signal increases as we apply more cuts in the Z model with m Z = 60 GeV while it decreases after the cut 6 in the Z model with m Z = 80 GeV. It is because the signal events for m Z = 80 GeV mostly come from the off-shell region of Z boson. Consequently, the ATLAS analysis is not directly sensitive to the heavier Z bosons.
In order to gain sensitivity for the heavier Z boson, we propose optimized selection cuts:
5' m 4l > m Z + 10 GeV and reject the Higgs mass region, |m 4l − m h | > 10 GeV.
in addition to p T , η and ∆R cuts (cuts 1 − 4). Since the signal events are mainly through s-channel off-shell Z boson, we reject the contributions through on-shell Z boson as well as on-shell Higgs boson by the first criteria (5'). The second criteria (6') is for rejecting ZZ production process, which is another SM background, where both m 12 and m 34 tend to be close to m Z . On the other hand, in the Z signal events, m 12 tends to be m Z , but m 34 does not accumulate on any particular value. Therefore, it efficiently rejects the ZZ backgrounds while keeping most of the Z signal. We show the m 12 distributions in 4µ channel after applying these optimized cuts in Figure 7 for m Z = 80, 90, and 100 GeV. For all masses, excesses at m 12 = m Z are expected. Table 10 shows the expected numbers in several m 12 ranges, the ratio N Z /N SM , and the significance.
For m Z = 80 and 100 GeV, the N Z /N SM ratio is very high, 3.1 and 2.5, respectively. The number of event in the SM N SM for m 12 ∼ m Z is very small so that σ defined before does not express statistical significance. We estimate the statistical significance based on the Poisson distribution with the average number of events N Z for the bin with m Z − 3 GeV < m 12 Table 9 : Ratio of the event numbers in Z models divided by the SM one after the successive selection cuts discussed in the text. ¶ Since N Z /N SM ratio is very large, the evidence of the Z should be obtained at 14TeV runs. We also checked the possibility to improve those significance by using the di-muon invariant mass closest to the hypothetical m Z value instead of the m 12 . However, it is not improved since it increases the SM background in the signal region as well.
For m Z = 90 GeV, we can see only a small excess over the SM Z boson peak in the m 12 distribution in Figure 7 (b). The significance is less than 1 due to the overlapping large SM Z contributions.
4 lepton channels at √ s = 14 TeV
In the previous section, we have shown that the heavy Z boson (m Z > 80 GeV) cannot be excluded by using the √ s = 7 − 8 TeV run data of the LHC due to the limited integrated luminosities. In this section, we study the Z search at √ s = 14 TeV with the integrated luminosity of 300 fb −1 and 3000 fb −1 for the same reference points defined in the previous subsection except the case with m Z = 60 GeV, which is already excluded. In this section, the leading order results without constant normalization factors are used for the cross sections. For the detector simulation, we adopt the trigger conditions for the run at √ s = 14 TeV [39] , as shown in Table 11 and implemented in Delphes. In addition to the 4µ channel discussed in the previous section, we also discuss the channels involving τ -leptons such as 2µ2τ and 4τ since Z also couples to τ -leptons. ¶ On the other hand, p for N ≥ N 
pp
The excess of the Z signal which lies near Z boson mass in the m 12 distribution would be confirmed at √ s = 14 TeV since the cross section and number of events of the Z model would increase if Z boson exists for pp → 4µ channels. We apply the optimized cuts for the heavier Z boson proposed in the previous section.
In Figure 8 , we show the distributions of the di-muon invariant mass m 12 for the SM and the Z model with m Z = 80, 90, and 100 GeV. We normalize the distributions for the integrated luminosity of 300 fb −1 . Excesses are more clearly seen in the Z model with m Z = 80 and 100 GeV in the signal region m 12 m Z , compared with the case at √ s = 7−8 TeV. Even in the case of m Z = 90 GeV, the excess in the region m 12 m Z is statistically significant. In Table 12 , the numbers of events around the excesses for the SM (N SM ), for the Z models (N Z ), the ratio N Z /N SM and σ Z are shown. The significance σ Z ,80 and σ Z ,100 exceed 5. Although we obtain σ Z ,90 ∼ 3 for m Z = 90 GeV, whole region below m Z ≤ 100 GeV will be explored at the high luminosity LHC (HL-LHC), where the expected integrated luminosity is around 1000 − 3000 fb −1 , provided the cuts and background rate remain the same.
In our Z model, the Z boson couples to the 2nd and 3rd generation leptons. In order to test the feature, we need to see the pattern of the couplings of the Z boson. One of these interesting processes is 2µ2τ channel. To study this channel, we adopt hadronic τ tagging algorithm of Delphes which roughly reproduce ATLAS and CMS data for Z → τ + τ − channel [36] .
For this channel we require the following cuts:
1. two τ jets exist satisfying p T,τ > 20 GeV and |η τ | < 2.3, only hadronically decaying τ 's.
2. two oppositely charged muons exist satisfying p T,µ > 10 GeV and |η µ | < 2.7, the two muons are well separated as ∆R > 0.1.
3. requiring the invariant mass cut for the two τ 's, m τ τ > 120 GeV, where we adopt the collinear approximation for the τ momentum reconstruction, that is, the neutrino momentum from τ decay is assumed to be parallel to the τ jet direction.
The 1st and 2nd requirements select events which have 2µ and 2τ . The 3rd cut effectively rejects the SM ZZ backgrounds. It is because the signal matrix element is not enhanced at m τ τ ∼ m Z nor m Z once we require m µµ ∼ m Z . On the other hand, in the SM ZZ background both m µµ and m τ τ are enhanced at m Z . We found that the collinear approximation for the τ reconstruction is not good enough to reproduce the Z mass from the di-tau invariant mass. Nevertheless, we found it useful to reject the SM background. In 4µ channel there are two possible combinations to pair the muons. We have primarily used the m 12 , which is the lepton pair closer to m Z , for the Z boson search. By contrast, 2µ2τ channel has no such combinatorial problem. In Figure 9 , we show the di-muon invariant mass (m µµ ) distributions for the SM (dashed line) and Z model with m Z = 80, 90, and 100 GeV (solid lines), from left to right panels, respectively. The normalizations are for the integrated luminosity of 300 fb −1 . Table 13 shows event numbers in several m µµ ranges around the excess for the Z models (N Z ) together with those for the SM (N SM ), the ratio N Z /N SM , and significance expressed by the required integrated luminosity for the discovery, which is defined as the integrated luminosity where the probability to have number of events in the signal bin N > N Z is less than 10 −5 for the Poisson distribution with the average of N SM . The N Z /N SM is large enough at m µµ ∼ m Z for both cases of m Z = 80 and 100 GeV, while it is only around 1.7 for m Z = 90 GeV. The Z effects will be observed for m Z = 80 GeV with the luminosity less than 300 fb −1 . In the case of m Z = 100 GeV the number of signal events is small, but more data at the HL-LHC would strengthen the signal observation. In the case of m Z = 90 GeV, the significance is smaller, however, it would be possible to observe the definite signal once we collect more data with the integrated luminosity of 3000 fb −1 at the HL-LHC assuming the acceptance of leptons and τ jets unchanged.
Conclusion
New particles with the mass of the order of the EW scale with a significant coupling to the muon sector can accommodate the muon g-2 anomaly. The LHC would be an important experiment to search such particles directly because of the high luminosity and cleanness of the muon signature.
In this paper, we have considered the L µ − L τ gauge symmetry as one of the solutions to explain the anomaly of muon g-2. We have explicitly shown that the Z gauge boson of the EW scale mass explains the anomaly of muon g-2. We have also identified the parameter space where the Z model is consistent with the EW precision measurements. We have considered the LHC phenomenology for several reference model points in the preferred parameter space.
The Z model contribution to Z → 4µ is large for the relatively light Z boson since a Z boson can decay into the Z boson. Therefore, we have closely checked the measurement of Z boson decay to 4 leptons (4e, 4µ, 2e2µ) at the ATLAS experiment. We conclude that the ATLAS result has already excluded the Z model with m Z = 60 GeV for g Z = 0.3. The ATLAS analysis is not sensitive yet to Z bosons with mass above ∼ 80GeV. We have proposed an analysis in pp → 4µ channel sensitive to the heavier Z bosons, and have shown that the data at √ s = 7−8 TeV should have some sensitivity to the Z boson with m Z = 80 and 100 GeV for g Z = 0.3.
Moreover, we have shown that LHC data at the 14 TeV LHC with 300 fb −1 would be enough to observe the clear Z boson signal in 4µ channel with m Z = 80 and 100 GeV for g Z = 0.3. Even in the case of m Z = 90 GeV, the integrated luminosity of 3000 fb −1 would reveal the Z model. Therefore, the current and future LHC data in the 4µ final state will provide the opportunity to explore the whole region of the Z model parameter space relevant to the muon g-2 anomaly.
In order to probe the Z model, we should observe the Z effects not only in the 4µ final state but also in the channels involving τ leptons such as the 2µ2τ state since it is the important feature that the Z boson only couples to the 2nd and 3rd generation leptons. We have shown that the Z τ + τ − interaction would be probed in the 2µ2τ final state with the LHC data of the integrated luminosity 3000 fb −1 at √ s = 14 TeV for the preferable parameter region of the Z model. Future LHC data are crucial to test the new physics models responsible for the muon g-2 anomaly.
A Neutrino mixing and constraint from the washout of the baryon asymmetry
In this Appendix, we discuss the neutrino mixing in the L µ −L τ gauged theory. We show that the observed neutrino mixing can be explained with an aid of three right-handed neutrinos. We also discuss the constraint from the washout of the baryon asymmetry in the early universe, and find that the masses of the right-handed neutrinos are bounded from above.
A.1 Neutrino mixing
In addition to the SM fields, we introduce three right-handed neutrinos ν iR (i = e, µ, τ ), in order to explain the observed neutrino mixing. We assume that they have L µ − L τ charges of 0, +1, −1, respectively. We also assume that the L µ − L τ gauge symmetry is broken by a condensation of a scalar field σ with a unit L µ − L τ charge. The charge assignments of various fields are summarized in Table 14 . From the charge assignments, renormalizable terms in a Lagrangian which contribute to the lepton masses are given by
Here, y e , y µ , y τ are the Yukawa couplings of the charged leptons and not related to the neutrino mass. The neutrino mass is determined from Yukawa couplings λ i (i = 1, 2, 3), Majorana masses M ee and M µτ , and Yukawa couplings λ eµ and λ eτ . Note that the mass terms between the left and right-handed neutrinos are diagonal. Therefore, the neutrino mixing is obtained by mixing among the right-handed neutrinos. If the Majorana masses M ee , M µτ , λ eµ σ and λ eτ σ are of the same order, the seesaw mechanism [42] provides the observed order one neutrino mixing. From the seesaw formula, a relation between the parameters is given by where v 174 GeV is the vacuum expectation value of the SM Higgs, and ∆m 2 is the difference between the mass squared of the left-handed neutrinos. λ and M denote λ i (i = 1, 2, 3) and M ee , M µτ , λ eµ σ and λ eτ σ collectively.
A.2 Washout of the baryon asymmetry
Interactions given by Eq. (A.1) break the lepton symmetry. On the other hand, B + L symmetry is broken by the anomaly against the SU (2) gauge interaction, whose effect is efficient at the early universe by the sphaleron process in the finite temperature [43] . Therefore, the baryon asymmetry is washed out if both effects are important simultaneously. Let us calculate a condition such that the washout does not occur.
First of all, the sphaleron process is efficient only at the temperature above the EW scale. Therefore, if the baryon asymmetry is generated below the EW scale, the washout does not occur. In the following, we assume that the baryon asymmetry is produced above the EW scale and calculate the constraint on the parameters in Eq. (A.1).
Let us consider two possibilities in which the washout does not occur.
1. λ i is small, 2. M ee and M µτ are small.
If any of the two conditions are satisfied, the lepton number is effectively conserved. Therefore, one should adopt the weakest condition among them. Let us discuss the two cases in detail.
λ i is small
In the limit λ i = 0, the lepton symmetry is restored for each flavors. Therefore, if the interaction by λ i is inefficient, the washout of the baryon asymmetry does not occur. The most efficient interaction is shown in Figure 10 and its rate is given by σnv λ where σ, n, v, y t are the cross section of the process, the number density of related particles, the velocity of related particles, and the Yukawa coupling of the top quark, respectively. · · · denotes the thermal average. By requiring that the rate is smaller than the Hubble scale for T > ∼ 10 2 GeV, we obtain the bound
M ee and M µτ are small
If both Majorana masses vanish, L e − L µ − L τ symmetry is restored. The most efficient interaction which induces the symmetry violation by the Majorana masses is shown in Figure 11 . Its rate is given by σnv ∼ g Since the right-handed neutrinos are light and weakly coupled, it is necessary to consider whether they are long-lived. If they are long-lived, they might over-close the universe, or destroy the success of the big-bang nucleosynthesis (BBN). The most important decay channel is given by the diagram shown in Figure. 12. Here, we have assumed that σ is heavier than the right-handed neutrinos and hence the decay mode N → σν is closed. The decay rate is given by Γ M 128π 3 
B Passarino-Veltman functions
Passarino-Veltman functions [44] are defined by
